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We report the structural, magnetic and thermodynamic properties of the double perovskite compound
La2CuIrO6 from X-ray, neutron diffraction, neutron depolarization, dc magnetization, ac susceptibility,
specific heat, muon-spin-relaxation (µSR), electron-spin-resonance (ESR) and nuclear magnetic resonance
(NMR) measurements. Below ∼ 113 K, short-range spin-spin correlations occur within the Cu2+ sublattice.
With decreasing temperature, the Ir4+ sublattice progressively involves in the correlation process. Below
T = 74 K, the magnetic sublattices of Cu (spin s = 1
2
) and Ir (pseudospin j = 1
2
) in La2CuIrO6 are
strongly coupled and exhibit an antiferromagnetic phase transition into a non-collinear magnetic structure
accompanied by a small uncompensated transverse moment. A weak anomaly in ac-susceptibility as well
as in the NMR and µSR spin lattice relaxation rates at 54 K is interpreted as a cooperative ordering of the
transverse moments which is influenced by the strong spin-orbit coupled 5d ion Ir4+. We argue that the rich
magnetic behavior observed in La2CuIrO6 is related to complex magnetic interactions between the strongly
correlated spin-only 3d ions with the strongly spin-orbit coupled 5d transition ions where a combination of
the spin-orbit coupling and the low-symmetry of the crystal lattice plays a special role for the spin structure
in the magnetically ordered state.
PACS numbers: 75.50.Ee, 78.70.Nx, 76.30.-v, 76.60.-k
INTRODUCTION
In recent years, iridates have drawn considerable research
interest in the condensed matter physics community due to
their comparable energy scales of strong spin-orbit coupling
(SOC), Coulomb interaction, crystal field, and exchange in-
teractions. Through the change of local environment and
symmetry, the electronic structure as well as the magnetic
and transport properties can be tuned. By a small rear-
rangement of these interaction energies, interesting physical
properties like: topologically insulating behavior [1, 2], su-
perconductivity [3], Weyl semimetallic state [4], quantum
spin liquid phases [5, 6] etc. are predicted in these materials.
An interesting scenario appears for the perovskite iridium
oxides where the 5d Ir ions are located within octahedral
oxygen cages. For systems with Ir4+ ions, the strong SOC
couples the spins of 5d-electrons residing on the t2g orbital
to its orbital momentum. The resulting doubly degenerate
ground state can be described by an effective total angular
momentum (or pseudospin) j = 1
2
which can have proper-
ties very different from the spin-only s = 1
2
state such as in
the 3d Cu2+ ions. In the band picture, an overlap of the j
pseudospin states gives rise to a “Jeff =
1
2
” Mott insulator
state [7]. In fact, the details of this Jeff picture, and how
the non-cubic crystal field can tune the corresponding band
structure are still not clear and are under investigation.
Another level of complexity arises when strongly cor-
related 3d ions with almost completely quenched orbital
moment coexist with strongly spin-orbit coupled 5d ions
in the B-site of a double perovskite. An interesting physics
emerging from such compounds promises to open up new
pathways to develop novel materials with desired magnetic
functionalities for advanced technological applications. The
ground-state magnetic properties are also found to be ver-
satile in these double perovskites. For example, among the
La2BIrO6 compounds, B = Mn is ferromagnetic (FM) [8],
B = Co, Ni, Fe are reported to possess non-collinear mag-
netism [9, 10], and the B = Zn compound shows canted
antiferromagnetism [11]. An interesting magnetic behav-
ior with FM and AFM features is observed for the B = Cu
compound [12–14]. Here, the magnetic properties are de-
termined by the strong exchange anisotropy induced by the
AFM superexchange interactions between the total angular
momentum Jeff =
1
2
of the Ir4+ ions and electronic spins
s = 1
2
of Cu2+ ions.
In this paper, we report the results of a systematic in-
vestigation of the double perovskite La2CuIrO6 with state-
of-the-art magnetometry, neutron diffraction, neutron de-
polarization, specific heat, muon-spin-relaxation (µSR),
electron-spin-resonance (ESR) and nuclear magnetic res-
onance (NMR) to unveil its complex magnetic behavior. The
magnetometry measurements show an AFM order below
T1 ∼ 74 K, accompanied by the formation of a weak uncom-
pensated magnetization at T2 ≈ 54 K. A peak in the low field
ac susceptibility as well as an anomaly in the NMR and µSR
spin lattice relaxation rates are observed at T2 as well. The
system possesses an open hysteresis loop below T2 and a pos-
itive Curie-Weiss temperature. The neutron diffraction and
the µSR studies reveal a commensurate AFM state below
74 K with a non-collinear spin structure. A comprehensive
analysis of specific heat, ESR and neutron depolarization
data reveals that the spins of Cu2+ and the pseudospins
of Ir4+ ions become correlated in a short-range ordered
state below 113 K giving rise to small dynamically corre-
lated uncompensated moments. We propose a tentative spin
structure in the AFM ordered ground state of La2CuIrO6 and
discuss a multifaceted role of the spin-orbit coupling for the
magnetism of this material. Our in-depth investigation illus-
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trates a new pathway to understand the complex physics of
various 3d-5d mixed valence compounds.
EXPERIMENTAL DETAILS
The polycrystalline sample of La2CuIrO6 was synthesized
using a solid-state synthesis method with high purity La2O3
(Alfa Aesar, 99.99%), CuO (Alfa Aesar, 99.99%) and IrO2
(Alpha Aesar, 99.99%) precursors. The La2O3 was preheated
at 900 ◦C for 12 h in air. Then, all ingredients were mixed
in their stoichiometric ratio and thoroughly ground using
agate pestle and mortar. The mixture was then calcined in
air at 900 ◦C for 24 h followed by a cooling of the furnace
at a rate of 150 ◦C/h. The residue was further air annealed
consecutively at 1000, 1100 and 1150 ◦C for 60 h each, with
several intermediate grindings. The phase formation was
monitored at every stage of the annealing process by powder
x-ray diffraction (XRD). The XRD patterns were collected
in transmission geometry with Mo-Kα1 radiation using a
StoeStadi-Powder diffractometer equipped with a Ge(111)
primary monochromator and a DectrisMythen 1 K detector.
Data were fitted by the Rietveld method [15] using FullProf
in the WinPlotR program package [16].
The compositional and microstructural analyses were per-
formed using scanning electron microscopy (SEM) [Zeiss
EVOMA15] along with an electron microprobe analyzer for
semi-quantitative elemental analysis in the energy disper-
sive x-ray (EDX) mode (X-MaxN20 detector from Oxford
Instruments with a AZtecEnergy Advanced acquisition and
EDX analysis software). The stoichiometry was confirmed
close to the starting composition. The dc magnetization
measurements were performed in a Quantum Design SQUID
magnetometer from room temperature down to 1.8 K with
magnetic fields up to 5 T. The ac susceptibility and specific
heat measurements were performed in a commercial Quan-
tum Design PPMS in the temperature range 1.8−300 K with
maximum dc field up to 9 T. For the susceptibility, an ac field
of 17 Oe was applied with a frequency up to 1 kHz.
Neutron diffraction measurements were performed at
the DMC cold-neutron powder diffractometer of the Paul
Scherrer Institute. The powder sample with a total mass of
∼ 5 g was placed into an aluminum container in the form of
an annular cylinder to reduce neutron absorption by iridium.
The sample was then mounted in a standard “orange”-type
cryostat with the base temperature of 1.6 K.
The ESR measurements were carried out with a home-
made high-field ESR spectrometer [17] upgraded with the
PNA-X Network Analyzer from Keysight Technologies. Mag-
netic fields up to 16 T were obtained with a solenoid-
superconducting magnet from Oxford Instruments equipped
with a 4He variable-temperature insert.
The one–dimensional neutron–depolarization measure-
ments were carried out using the polarized neutron spec-
trometer (PNS) at the Dhruva reactor (λ= 1.205 Å), Trom-
bay, Mumbai, India. Here, the sample is first cooled from
room temperature down to 2 K in the presence of a 10 Oe
field (required to maintain the neutron beam polarization
at the sample position), then the transmitted neutron beam
polarization was measured as a function of sample tempera-
ture in warming cycle under the same field.
In NMR measurements, the 139La spectra were measured
in a magnetic field of 7 T (42.0994 MHz 139La frequency)
Table I. The Rietveld refined crystallographic parameters, such
as fractional atomic coordinates, isotropic thermal parameters
(Biso) obtained from the room temperature XRD. “Occ.” corre-
sponds to site occupancies. Space group: P1, a = 5.8000(5)Å,
b= 7.7279(6)Å, c= 5.6023(4)Å, α= 89.88(1)◦, β = 92.59(1)◦,
γ= 90.16(1)◦.
Atom x/a y/b z/c Biso Occ.
La1 0.5556(9) 0.2493(14) 0.4905(10) 0.43(6) 1.0
La2 −0.0519(9) 0.7525(14) −0.0103(10) 0.43(6) 1.0
Cu1 0.5 0 0 0.29(5) 1.0
Cu2 0 0.5 0.5 0.29(5) 1.0
Ir1 0 0 0.5 0.77(8) 1.0
Ir2 0.5 0.5 0 0.77(8) 1.0
O1 0.2842(33) 0.0446(33) 0.2968(30) 1.38(3) 1.0
O2 0.3139(31) 0.4629(38) 0.3062(31) 1.38(3) 1.0
O3 0.2093(29) −0.0461(32) 0.7887(35) 1.38(3) 1.0
O4 0.1987(28) 0.5357(36) 0.8123(41) 1.38(3) 1.0
O5 0.4743(15) 0.2443(38) 0.9162(13) 1.38(3) 1.0
O6 0.0244(14) 0.7546(37) 0.4213(16) 1.38(3) 1.0
Rp 5.14% Rexp 4.87%
Rwp 6.62% RBragg 4.91% χ
2 1.85
with a Tecmag Apollo solid-state spectrometer and a cold
bore 16 T field-sweep superconducting magnet from Oxford
Instruments. The spectra were collected by point-by-point
sweeping of the magnetic field and integration of the Hahn
spin echo at each field step. The longitudinal and transversal
nuclear spin relaxation rates, T−1l and T−1t , were measured
with stimulated echo and Hahn spin-echo pulse protocols,
respectively.
The zero magnetic field µSR spectra were recorded in a
temperature range 5− 130 K using the GPS instrument at
the PSI Villigen, Switzerland.
RESULTS AND DISCUSSION
Crystal Structure
The room temperature crystal structure of La2CuIrO6 is
determined through an in-depth XRD and neutron diffrac-
tion analysis on the polycrystalline sample. The Rietveld
refinement reveals that the sample is single phase. The fitted
XRD pattern confirms that La2CuIrO6 crystallizes in the tri-
clinic P1 (No. 2) space group [χ2= 1.85; RWP = 6.62%; RP
= 5.14%; RBragg = 4.91%.]. An attempt to fit the pattern us-
ing the reported space group P21/n does not yield a proper
fit (χ2 = 2.12; RWP = 7.04%; RP = 5.41%; RBragg = 5.66%)
[14, 18, 19]. Moreover, the structural model with the mono-
clinic P21/n (No. 14) space group could not properly fit the
observed neutron diffraction pattern. Specially the Bragg
peak at 2θ ≈ 57.10◦ remained unindexed with the P21/n
(No. 14) space group. The commensurate position of this
Bragg peak with respect to the monoclinic structure sug-
gests lowering of the structural symmetry. The observed
neutron diffraction pattern could be well described only
by the lower-symmetry triclinic P1 (No. 2) space group in
consistent with the powder XRD data measured on the same
sample. The Rietveld refined fitting of the room temperature
XRD pattern with P1 space group is presented in Fig. 1(a).
The fitted neutron diffraction patterns at 295 K with both
P21/n and P1 space groups are presented in Fig. 1(b).
– 2 –
Table II. The bond lengths and bond angles of La2CuIrO6 at room temperature.
Bond lengths (Å) Octahedral distortion
O1 O2 O3 O4 O5 O6
Cu1 2×2.159(18) 2×2.043(19) 2×1.950(30) 0.001744
Cu2 2×2.185(18) 2×2.070(20) 2×2.020(30) 0.00109
Ir1 2×2.075(18) 2×2.010(20) 2×1.950(30) 0.00109
Ir2 2×2.088(18) 2×2.014(19) 2×2.040(30) 0.00022
〈 La1–O 〉 = 2.560(18) Å; 〈La2–O〉 = 2.580(20) Å
Bond angles (deg)
In-plane (ac plane) Out-of-plane (b axis)
Cu1–O1–Ir1 = 154.3(7) Cu1–O5–Ir2 =151.8(12)
Cu1–O3–Ir1 = 152.3(8) Cu2–O6–Ir1 =152.6(12)
Cu2–O2–Ir2 = 150.1(7)
Cu2–O4–Ir2 = 149.1(8)
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Fig. 1 (color online). (a) Rietveld refinement fit with triclinic P1 space group of La2CuIrO6 powder XRD pattern. The red symbol presents
the observed intensity, black line is the fitted pattern, blue line is the corresponding difference intensity and the green vertical symbols are
the allowed Bragg reflections. (b) Neutron diffraction pattern at 295 K with fitted patterns by both P21/n and P1 space groups. The two
strongest reflections originate from the aluminum of the sample container (their corresponding marks are not shown). The inset presents
a blown-up fragment of the diffraction pattern, where the advantage of the P1 fit over the P21/n fit is most clearly seen. (c) Octahedral
tilt in three crystallographic directions and the distortion in two types of in-plane octahedral arrangements with [Cu1O6 – Ir1O6] and
[Cu2O6 – Ir2O6] types, as generated from the XRD refinement. The spin configuration is one of the possible patterns compatible with our
data obtained from the neutron diffraction refinement.
Such a low-symmetry crystal structure corresponds to
the a−b−c− octahedral tilt system in double perovskites
[20, 21] and has been found previously in several related
compounds, such as Ba2LaRuO6 [22], Ba2NdMoO6 [23], or
Ba2BiIrO6 [24]. The crystal structure consists of alternating
octahedra of Cu and Ir in three crystallographic directions
[Fig. 1(c)]. The structure is derived from the distorted rock
salt structure, which is one of the three common crystal
structures of double perovskites, i.e. (i) random, (ii) rock
salt, and (iii) layered [19]. The relation between lattice
parameters (
p
2ap × 2ap × p2ap, where ap is the lattice
parameter of the cubic perovskite structure) confirms the
rock salt structure. However, in the present crystal struc-
ture, there are two different types of octahedra for both
Cu (Cu1O6 and Cu2O6) and Ir (Ir1O6 and Ir2O6) sites with
different amount of octahedral distortions and tiltings. We
find that the octahedra surrounding Cu atoms are more dis-
torted than those around the Ir sites. The two inequivalent
octahedral sites of both Cu and Ir lead to two different types
of alternating layers along the b-axis. Among them, the first
layer consists of Cu1O6 and Ir1O6 octahedra, and the second
layer consists of structurally inequivalent Cu2O6 and Ir2O6
octahedra. A pictorial representation of this arrangement is
displayed in Fig. 1(c). The detailed crystallographic infor-
– 3 –
Fig. 2 (color online). (a) Temperature dependent field-cooled (FC)
and zero-field-cooled (ZFC) magnetization of La2CuIrO6 at various
applied dc magnetic fields (Hdc) of 20, 50, 100, 200 and 500 Oe.
The respective data for Hdc = 10 kOe are presented in (b). Plot (c)
shows the variation of the corresponding difference between the
FC and ZFC magnetizations at 10 K with Hdc.
mation as well as the bond-angle details (obtained from the
XRD refinement) are listed in Table I and II. An empirical
measure for the distortion of such a perovskite structure
is presented by the tolerance factor t = (dA−O)/
p
2(dB−O),
where A and B are the two atoms of ABO3 type perovskites
[25]. The ideal cubic perovskites correspond to t= 1, and
as the t value decreases further, the octahedra tilt and the
crystal symmetry is reduced. Generally, for t < 0.97, the
crystal structure is expected to be monoclinic [26]. For
La2CuIrO6, t is calculated to be 0.8623. Interestingly, a simi-
lar value t = 0.8682 is also observed in the sister compound
La2CoIrO6, whose crystal symmetry is found to be P21/n
[27]. Though the ionic radius of Cu2+ [0.73 Å] is close to
that of Co2+ [0.745 Å], a longer 〈Ir – O〉 bond length might
play an influential role in the reduced P1 crystal symmetry
of La2CuIrO6.
dc Magnetization and ac Susceptibility
Fig. 2(a) illustrates the temperature dependent field-
cooled (FC) and zero-field-cooled (ZFC) magnetization
[MFC and MZFC] for the La2CuIrO6 sample. As the sam-
ple is cooled from the high temperature paramagnetic state,
a cusp typical for an antiferromagnetic phase transition
appears around T1 = 74 K. Upon further cooling, below
T2 = 54 K a weak ferromagnetic magnetization is observed
in low external field. Two features are evident from the
graph: (i) With the increase of the applied dc magnetic field
Hdc, the T1 transition becomes more intense. For Hdc =
10 kOe [Fig. 2(b)], the T2 feature is suppressed. (ii) The
bifurcation of MFC and MZFC below T2 increases with in-
creasing Hdc. To realize whether the effect sustains at high
field too, we plot the magnetization difference at 10 K, ∆M
vs Hdc in Fig. 2(c), where ∆M = M10K(FC)– M10K(ZFC). It
is clear that ∆M increases rapidly for small fields ≤ 1 kOe
and shows a saturation tendency at larger fields.
Figures 3(a) and (b) present the real part of the temper-
ature dependent ac susceptibility χ ′(T) for the La2CuIrO6
sample measured in various conditions. Here, the T1 transi-
Fig. 3 (color online). (a) Temperature dependent real component
of the ac susceptibility [χ ′(T)] of La2CuIrO6 with ac field of Hac
= 17 Oe and frequency, 110, 500 and 1000 Hz. (b) dc biasing
effect of χ ′(T) with a fixed ac field. The corresponding inset show
a zoomed-in view around T2.
tion appears as a large peak, and upon cooling, T2 develops
as a small shoulder. Fig. 3(a) displays the frequency depen-
dence of χ ′(T) with a fixed applied ac field of Hac = 17
Oe. It is clear that all the χ ′(T) curves lie on top of each
other and neither T1 nor T2 peaks exhibit any frequency
dependence. This rules out that either T1 or T2 is associated
with any kind of conventional glassy transition [28, 29].
Fig. 4 (color online). M −H curves of La2CuIrO6 at 2 K. The upper
inset displays the corresponding zoomed in view at the low field
region. The temperature dependence of the magnetization value
at 5 T is presented in the lower inset.
– 4 –
Fig. 5 (color online). (a) The deduced ferromagnetic magneti-
zation component in La2CuIrO6 for different magnetic fields be-
tween 20 and 500 Oe [30]. (b) The magnetic susceptibility for
Hdc = 20 Oe around the two transitions. The red line is a fit to
a Curie-Weiss [C-W] law (for details see text). (c) Temperature
dependent reciprocal dc susceptibility with straight line as the
Curie-Weiss fit. Here ∆χdc = χdc −χ0, where χ0 is a temperature
independent contribution to χdc.
Fig. 3(b) illustrates the effect of dc biasing field on χ ′(T).
Here a persistent dc biasing field (Hdc = 0, 30, 60, 100, 300
and 1000 Oe) is superimposed with an ac magnetic field of
Hac = 17 Oe, and χ ′(T) was recorded in ZFC mode with a
frequency f = 1000 Hz. It is evident that T1 is not affected
by the applied dc biasing field, a characteristic feature of
an AFM transition. However, the increasing dc biasing field
damps the T2 peak intensity.
Figure 4 shows the M−H hysteresis loop of La2CuIrO6 at
2 K. The magnetization linearly increases with the applied
magnetic field as is usually seen in other AFM materials.
Interestingly, the system possesses a loop opening with the
critical field, HC ∼ 700 Oe as evident from the upper inset
of Fig. 4. This indicates the presence of domains with weak
FM correlations in La2CuIrO6 along with the dominating
AFM order. The temperature dependence of the magnetiza-
tion value at 50 kOe [the lower inset of Fig. 4] proves the
dominance of the AFM ordering under this field. We find no
anomaly around T2, but the curve peaks around T1.
In order to extract the FM magnetization component be-
low T1 from the low field magnetization data, the AFM
component was modeled using the normalized high field
(10 kOe) magnetization data shown in Fig. 2(b) for 2K ≤
T ≤ T1. As seen from Fig. 5(a), the FM component starts to
saturate with absolute values of the order of 5×10−4µB/f.u.
for temperatures T < T2. This order of magnitude points
towards a small canting of the AFM ordered moments of the
Cu and Ir sublattices (see below). Fig. 5(b) clearly shows
that MFM follows a Curie-Weiss law for T1 ≤ T ≤ T2. A
similar behavior has been found for other AFM systems,
where the Dzyaloshinsky-Moriya interaction results in a spin
canting and thus a FM magnetization component following
a Curie-Weiss law at low temperatures [31].
The paramagnetic phase above T1 is further analyzed
by plotting the temperature dependent inverse susceptibil-
ity [χdc(T)]−1 derived using [MZFC/Hdc]−1. In Fig. 5(c) we
present ∆χ−1dc vs T where ∆χdc is computed by subtracting
a temperature independent background contribution from
χdc. The high temperature data, in the 100K < T < 280K
window, nicely fit with the Curie-Weiss law yielding an ef-
fective magnetic moment of µeff = 1.84 µB/f.u. Considering
the spin configuration of Cu2+ – Ir4+, as reported earlier
[32], the effective moment µeff is found to be less than
2.83 µB/f.u. for an assumed J = 1 state. Interestingly the
Curie-Weiss temperature is found to be θCW = + 33.7 K ir-
respective of the dominating AFM interaction, as the signal
from FM component dominates in dc magnetization data. A
similar kind of double transition behavior is also observed
for La2ZnIrO6[33], where the spin structure was found to
be of a canted AFM type with different spin canting angles
at the two transitions.
Neutron Diffraction
In order to verify the nature of the crystal structure and
to understand the microscopic nature of the magnetic or-
dering of La2CuIrO6, we performed temperature dependent
neutron diffraction measurements. Fig. 6(a) presents the
diffraction data, collected with an incident neutron wave-
length of 2.458 Å at four different temperatures above and
below the magnetic transitions. The temperature depen-
dent study reveals no structural transition over the entire
temperature range.
The spin configuration of La2CuIrO6 is determined by
analyzing the low-temperature neutron diffraction data. At
temperatures below T1, we observe the appearance of addi-
tional commensurate magnetic reflections, which are best
seen at low scattering angles [Fig. 6(a), inset]. They can
be indexed as
  1
2
0 1
2

and
  1
2
±1 1
2

, suggesting that the
magnetic structure in La2CuIrO6 is antiferromagnetic with
a propagation vector
  1
2
0 1
2

, similar to the one previously
reported for the Co(II) sublattice in LaSrCoIrO6 [27] or
Sr2CoOsO6 [34]. In addition, much weaker higher-order
magnetic Bragg peaks
  1
2
±2 1
2

and
  3
2
±1 1
2

can be seen
in Fig. 6(b), where we present the difference of the 1.6 and
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Fig. 6 (color online). (a) Neutron powder diffraction patterns of
La2CuIrO6 as a function of the scattering angle (2θ) for different
temperatures. The black solid line is the best Rietveld fit to the
triclinic P1 space group of the 90 K reference dataset measured
above T1. Calculated structural peak positions are shown with
vertical lines below the plot. The two strongest reflections arise
from the aluminum of the sample container (their corresponding
marks are shifted downwards). The inset shows a blown-up frag-
ment of the diffraction pattern at low scattering angles, where
temperature-dependent magnetic Bragg peaks can be seen around
2θ = 18.0◦ and 25.8◦. They can be assigned to the commensurate  1
2
0 1
2

and
  1
2
±1 1
2

reflections whose calculated positions are
shown below with two vertical lines. (b) The difference of the low-
and high-temperature datasets, from which the respective differ-
ence of the structural models has been subtracted to eliminate the
effect of thermal expansion. Two additional magnetic Bragg peaks
marked by arrows can be seen. Positions of the forbidden magnetic
reflections as described in the text are shown below the curve with
dashed lines.
90 K datasets. Since the contribution from nuclear scattering
cannot be fully eliminated in such a subtraction due to the
thermal expansion of the sample, here we have additionally
subtracted the difference of the corresponding structural
models in order to minimize the contamination to the mag-
netic signal. The absence of magnetic reflections at
  1
2
0 1
2

(2θ ≈ 17.1◦) and   1
2
±1 1
2

(2θ ≈ 25.2◦), as denoted at the
bottom of Fig. 6(b) by the dashed lines, indicates that the
magnetic structure must be non-collinear.
A satisfactory description of the magnetic diffraction pat-
tern could be obtained by assuming an orthomagnetic spin
structure with collinear AFM spin arrangement in every ac–
plane (Cu1Ir1 or Cu2Ir2) and mutually orthogonal spin
orientations in neighboring planes, as shown in Fig. 1(c).
However, due to the large number of structural reflections re-
sulting from the low crystal symmetry and, as a consequence,
a small number of clearly observable magnetic Bragg peaks,
alternative solutions with a lower magnetic symmetry can-
not be excluded. In our model, the fitted values of AFM
ordered moments from the Rietveld refinement are 0.69 and
0.45 µB on the Cu and Ir sites, respectively. The model also
allows for a weak FM contribution, as the resulting magnetic
Bragg intensity would fall on top of the structural Bragg re-
flections and would be therefore unobservable in the present
unpolarized neutron diffraction experiment. A systematic
polarized-neutron study or measurement on a La2CuIrO6 sin-
gle crystal might be helpful to get a more complete picture of
the magnetic structure. The fact that magnetic Bragg peaks
are present already at T= 60 K and do not change qualita-
tively upon cooling down to the base temperature indicates
that the AFM structure sets in at the higher-temperature
transition (T1 ≈ 74 K). No visible change in the neutron
diffraction patterns on the second anomaly at T2 ≈ 54 K,
as observed in the ac and dc susceptibility measurements,
suggests a weak change in the magnetic intensity well below
the detection limit.
Specific Heat
The magnetic behavior of La2CuIrO6 is further analyzed
by the temperature dependent specific heat [CP(T)] mea-
surement. Fig. 7(a) presents the corresponding CP(T ) mea-
sured in zero magnetic field. Two features are discernible
from the figure, (i) CP(T) shows no anomaly around T2, and
(ii) a hump-like behavior appears around T1. External mag-
netic field up to 9 T broaden and gradually shift the anomaly
to lower temperatures [inset of Fig. 7(a)], similar to what
has been observed in other perovskite oxides [35, 36].
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Fig. 7 (color online). (a) Temperature dependent specific heat
[CP(T )] of La2CuIrO6 at zero applied magnetic field (black symbol)
and the respective one of La2ZnIrO6 for T > 40 K (red line).
The latter was scaled by a factor of 1.017 (see text) in order to
estimate the phononic contribution of La2CuIrO6. Inset shows the
effect of external magnetic field on CP(T). (b) Zero-field magnetic
specific heat of La2CuIrO6 plotted as Cmag/T vs T (left scale) and
the deduced temperature dependent magnetic entropy [Smag(T)]
(right scale).
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To understand the magnetic interactions in La2CuIrO6,
the high temperature specific heat data are analyzed by plot-
ting the associated excess specific heat, Cmag(T ) in Fig. 7(b).
Here we subtract the lattice contribution from the experi-
mental CP(T ) data by measuring CP(T ) of the structural ana-
log compound La2ZnIrO6, which undergoes magnetic transi-
tions at 7.3 and 8.5 K [33], well below those of La2CuIrO6.
Due to the additional (field-dependent) short-range correla-
tions, which are present up to 40 K, the CP(T ) of La2ZnIrO6
was used as an approximation for the lattice contribution in
the temperature range of 40K≤ T ≤ 250 K only. Since the
mass and volume of the Zn and Cu compounds are differ-
ent, the experimental La2ZnIrO6 specific heat curve must be
scaled. An effective Debye temperature can be expressed as
[37, 38]:
θD = L
 Tm
MV 2/3
1/2
, (1)
where Lis the Lindemann constant, Tm the melting temper-
ature, M the atomic weight, and V the atomic volume. If L
and Tm are assumed nearly the same for both compounds,
we get the relationship:
θD1
θD2
2
=
M2V
2/3
2
M1V
2/3
1
. (2)
By applying this relation, we obtain that θ La2CuIrO6D = 1.017×
θ
La2ZnIrO6
D . The scaled La2ZnIrO6 data are shown as a red
line in Fig. 7(a). It is clear that the curves nicely overlap
each other in the high-temperature region, except for the
La2CuIrO6 magnetic transition region.
After subtracting the scaled La2ZnIrO6 data from
La2CuIrO6, we obtain the magnetic contribution to the spe-
cific heat, which is plotted as Cmag/T as a function of tem-
perature in Fig. 7(b) (left scale). A sharp peak is observed
around T ≈ 67 K. Using an entropy-balance construction, a
transition temperature TN ≈ 74 K is extracted. The magnetic
entropy (Smag) for La2CuIrO6 was evaluated by integrat-
ing the zero-field specific heat data, as shown in Fig. 7(b)
(right scale). The maximum value of Smag is calculated as
2.54 J mol−1K−1, which is much less than the full spin en-
tropy of R ln(2J+1)≈ 9.134 J mol−1K−1. Here J is the total
angular momentum. Interestingly, Cmag(T) retains small
positive values up to T ≈ 120 − 160 K, which points to
short-range magnetic correlations appearing at much higher
temperatures than T1 [see Fig. 7(b)]. These short-range
correlations must reduce the entropy associated with the
AFM transition, however, other effects such as quantum fluc-
tuations or partial spin alignment might additionally play a
role. A similar scenario was observed by Lees et al. [39] in
Pr0.6(Ca1−xSrx)0.4MnO3 compounds where the short-range
magnetic correlations due to Mn cluster or formation of
Jahn-Teller polarons at higher temperature reduces the mag-
netic entropy associated with the FM transition. The clear
“cutoff–temperature” for these short-range correlations in
La2CuIrO6 could be slightly smaller due to limits within the
phononic contribution, which was calculated for T > 40 K.
As will be discussed in the next section, this is in agreement
with the ESR results.
ESR Experiment
We performed high-field multi-frequency ESR spec-
troscopy to obtain insights on the dynamics of the coupled
Cu and Ir spins in La2CuIrO6. The spectra were recorded at a
given fixed frequency, ν , while sweeping the magnetic field
up and down. Fig. 10 presents the temperature variation of
the characteristic “as measured” signals at ν = 32.22 GHz.
The ESR lines were fitted with the function [40]:
F(H) =
A∆H
[4(H −H0)2 +∆H2]pi . cos(α)
+
A(H −H0)
[4(H −H0)2 +∆H2]pi . sin(α) + BH + C . (3)
Here the first two terms are the absorption and dispersion
parts of the complex Lorentzian function, respectively, with
the amplitude A, the width ∆H, and the resonance field
H0. The last two terms with fit parameters B and C account
for an instrumental linear in-field non-resonant background
and a constant offset, respectively. The parameter α defines
the relative contributions of absorption and dispersion in
the total signal. A mixing of the real and imaginary parts
with the increase in temperature is visible in the spectra in
Fig. 8. It arises due to a complex impedance of the broad-
band wave-guides, which can depend on temperature due
to thermal expansion. Since the network analyzer mea-
sures both the amplitude and the phase shift of the signal,
such distortion of the line shape can be corrected with the
analyzer’s software [see Fig. 8(b)].
The results of the fit are summarized in Fig. 9. Several
aspects of the temperature evolution of the ESR parameters
are noticeable. The ESR signal becomes first visible at a
temperature of ∼ 113 K which is substantially larger than
the AFM ordering temperature T1 = TN = 74 K. The inte-
grated intensity of the signal determined for the Lorentzian
line as I = 1.57 A∆H [40] smoothly increases and reaches
a saturation around T2 = 54 K. The ∆H(T) dependence ex-
hibits a dome-like shape with a broad maximum centered
around T2. The resonance field H0 stays practically constant
Fig. 8 (color online). Selected ESR spectra of La2CuIrO6 at differ-
ent temperatures at a fixed frequency of ν = 32.22 GHz [(a) as
measured spectra; (b) after correction by the analyzer software].
The spectra are shifted vertically for clarity.
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Fig. 9 (color online). Temperature dependence of the integrated
intensity I∼ A∆H (a), linewidth (b) and resonance field (c) deter-
mined from the ESR spectra at ν = 32.22 GHz in Fig. 8 using the
fit function (3). In (a) the temperature dependence of the 139La
NMR linewidth (open circles) and the calculated dependence of
the order parameter (solid line) are shown for comparison (see
section “NMR Measurements”).
down to ∼ 90 K corresponding to an effective g-factor geff =
hν/µBH0 ≈ 2.08. Below T1 the H0 gradually shifts to lower
values.
Further important information on the g-factor and a pos-
sible frequency (energy) gap for ESR excitations can be
determined from ESR measurements at several frequencies
performed at a given constant temperature. A representative
frequency ν vs H0 dependence (resonance branch) taken
at 6 K is shown in Fig. 10. Experimental data points clearly
follow a linear dependence which can be parameterized as
hν = ∆+ gµBH0. The slope of the curve is determined by
the g-factor, and the offset ∆, where the fit function meets
the frequency axis at H0 = 0, defines the minimal energy for
the ESR excitation. The fit gives g = 1.97 and ∆ = 3.0 GHz.
A similar fitting procedure applied to the ν(H0) data– sets
collected at different temperatures yields the T-dependence
of g and ∆, as shown in Fig. 11.
In the high temperature regime for T  T1 no ESR signal
can be detected, suggesting that Ir and Cu spins relax fast
most likely due to a substantial anisotropy of the spin-spin
interactions. In the case of Ir pseudospins, this happens
due to a strong coupling with phonons [41]. The fact that
the ESR signal appears below ∼ 113 K, above T1, signifies
a crossover from a purely paramagnetic resonance regime
to the development of a collective resonance mode of cor-
related spins and pseudospins in the quasi-static (on the
fast ESR time scale) short-range ordered state of La2CuIrO6.
This also explains why the magnetic entropy is so low at T1
in CP(T), though indications of any short-range order are
not visible in the CW fitting of the dc susceptibility over 100 –
280 K. In contrast to paramagnets, where spins relax individ-
ually, the collective excitation mode, i.e. the precession of
the total magnetization of the spin system, is more difficult
to broaden by the above-mentioned relaxation mechanisms.
An opening of the gap for the ESR excitations [Fig. 11(a)]
gives evidence that the resonating spin system is static on
the time scale of ESR of the order ∼10 ns and suggests an
easy-axis type of magnetic anisotropy [42]. The smallness
of the gap, which at the lowest temperature amounts to at
most ∼4 GHz (0.2 K or 0.016 meV) suggests that it might
not be necessarily an AFM spin wave gap at the magnetic
zone center, i.e. a magnetic anisotropy gap for the uniform
oscillation of the AFM sublattices. The value of such an
AFM gap for the layered cuprates and iridates is at least
a few meV (see e.g. [43–45]) or even substantially larger
[46]. Certainly a situation in La2CuIrO6 might be different
due to a different crystal structure comprising two inter-
penetrating Cu and Ir perovskite sublattices. Specifically, in
the related double perovskites La2MgIrO6 and La2ZnIrO6 a
gap for spin excitations was reported amounting to 2.6 meV
and 2.1 meV, respectively [47]. The observed ESR signal
gives evidence for spin excitations with much smaller energy
in La2CuIrO6. It is reasonable to attribute this mode to a
resonance of the uncompensated transverse net moments
in a non-collinear antiferromagnet, which is, in fact, just
another oscillation mode of coupled non-collinear AFM sub-
lattices [42]. Unlike the AFM anisotropy gap which is given
by the anisotropic part of the superexchange interaction
between the spins, the energy gap for oscillations of the net
moments is determined by smaller residual anisotropies and
often lies in the GHz frequency range (see., e.g., [48, 49]).
The fact that the observed resonance mode occurs in the
Fig. 10 (color online). Frequency ν vs H0 dependence of the
ESR signal at T = 6 K (symbols) and a fit to the function hν =
∆+ gµBH0 (solid line). Representative ESR signals (absorption
part) are shown in insets.
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short-range ordered regime above T1 = 74 K and contin-
uously develops upon lowering the temperature suggests
that uncompensated “weak ferromagnetism”, i.e. a small
noncollinearity of the AFM sublattices, is inherent to the
AFM state of La2CuIrO6. The temperature T2 = 54 K identi-
fied in the magnetometry measurements can be presumably
considered as a kind of “blocking” temperature for the net
moments at which the magnetic anisotropy wins against the
entropy effect of temperature. It shows up in a maximum
of the ∆H(T) dependence (correlation peak) and satura-
tion of the intensity of the ESR signal (Fig. 9). Below this
blocking temperature, the magnetization curve M(H) starts
exhibiting a small hysteresis [Fig. 4]. The T-dependence
of the respective coercive field HC is plotted on Fig. 11(a)
together with the ESR gap ∆. It must be noted that both
HC and ∆ are determined by the same residual anisotropies,
which pin a certain spatial direction of the transversal net
moments in the crystal [42]. The gap ∆ is still visible in
ESR far above T2 up to T > T1 owing to the dynamic nature
of this spin probe.
The temperature dependence of the g-factor, though ex-
hibiting a substantial scatter, reveals a tendency to decrease
with decreasing temperature and crosses the value g = 2
which corresponds to the spin-only g-factor [Fig. 11(b)].
Deviations of the g-factor of Cu2+ and Ir4+ from g = 2 are
expected due to a combined action of the spin-orbit cou-
pling and the lower symmetry components of the electrical
ligand field [41]. The latter arises due to a distortion of the
oxygen ligand octahedron. As discussed above, La2CuIrO6
possesses a low-symmetry crystal structure with triclinic P1
space group. The structural refinement reveals two non-
Fig. 11 (color online). (a) Temperature dependence of the ESR
energy gap ∆ and (b) the g-factor obtained from the ν(H0) de-
pendencies. Dashed red lines are guides for the eye. Horizontal
dashed line in (b) panel denotes the spin-only g-factor of 2. The
temperature dependence of the coercive field HC is plotted as open
triangle in (a).
equivalent octahedra of both CuO6 and IrO6. All bonds
between the central metal ions and oxygen ligands in the
respective octahedra are of different length. However, it is
possible to identify the direction of the strongest distortion,
which can be defined for all octahedra as an elongation
axis. In the two CuO6 octahedra this axis is parallel to the
Cu1 – O1 bond of 2.159 Å, and Cu2 – O2 bond of 2.185 Å,
respectively [Fig. 1(c)]. In the case of elongation, the values
of the g-factor tensor for Cu2+ lie typically in the range g‖
= 2.15 – 2.30 and g⊥ = 2.01 – 2.1 [41]. Note that both
g‖ and g⊥, as well as the powder average gav = (1/3)g‖ +
(2/3)g⊥, are larger than 2. In the case of IrO6 octahedra,
one of them is elongated along the bond Ir1 – O1 of 2.075
Å, whereas the elongation axis of the other octahedron is
parallel to the bond Ir2 – O2 of 2.088 Å [Fig. 1(c)].
The g-factor tensor components for Ir4+ fall in the range
g‖ < 2 < g⊥ in the case of elongation, with values of g‖
ranging from 2 to 0, and of g⊥ from 2 to 2.73 in extreme
cases [41]. The powder averaged g-factor gav is expected
to be slightly smaller than 2. Apparently, the ESR mode
emerging below ∼ 113 K is dominated by the resonance of
short-range ordered Cu spins with a precession frequency
corresponding to gav slightly larger than 2. Note that the
emerging signal is first detected at a resonance field corre-
sponding to an even larger value of the effective g-factor geff
= 2.08 [Fig. 9(c)]. Upon lowering the temperature across
T1, at which the static order is detected by µSR [Section H],
the Ir spins get progressively more involved in the resonance
due to the exchange coupling between the two spin sub-
systems. Consequently, the common precession frequency
slides to the values corresponding to gav slightly smaller
than 2. The observed temperature dependent shift of the
resonance field H0 measured at a fixed excitation frequency
[Fig. 9(c)] is determined by both the T-dependence of the
gap ∆ and of the g-factor (Fig. 11).
Neutron Depolarization Measurement
The development of the uncompensated moments in the
AFM short-range ordered regime in La2CuIrO6 is further
corroborated by the neutron depolarization measurements.
Here we pass a polarized neutron beam through the sample
and record the change in polarization. First, the flipping
ratio (R) of the two types of incident neutron spins are
measured from the respective transmitted intensities. Then
the depolarization coefficient (D) is calculated using [50,
51]:
R=
1− PiDPA
1+ (2 f − 1)PiDPA , (4)
where Pi is the incident neutron beam polarization, PA is
the efficiency of analyzer crystal and f is the efficiency of
dc spin filter. Subsequently, the transmitted neutron beam
polarization (Pf) is measured using, Pf = DPi. Here the
measurement is performed in FC configuration with Hdc
= 10 Oe and the results are displayed in Fig. 12. When
a polarized neutron beam passes through a ferromagnetic
domain, the dipolar field induces Larmor precession of the
neutron spins and depolarizes the neutron beam. So, for
obvious reason no depolarization occurs in paramagnet and
AFM compounds.
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Fig. 12 (color online). Temperature dependence of the transmitted
neutron polarization intensity for La2CuIrO6.
From the temperature dependent depolarization study of
La2CuIrO6 (Fig. 12), it is apparent that a weak but finite
depolarization happens below ∼ 115 K. A slight enhance-
ment of the depolarization below ∼ T2 is also evident. Here
the data are normalized to the efficiency of the polariser
(0.9883). The finite depolarization indicates that the pres-
ence of a weak intrinsic ferromagnetism in La2CuIrO6 that
starts to grow up at a temperature below ∼ 115 K. With
decreasing temperature, the FM-like contribution keeps
on increasing and gets enhanced below ∼ T2. This is in
agreement with the ESR and magnetometry measurements.
Compared to the conventional FM materials [52–54], the
depolarization effect is weak in the present case as it origi-
nates from the uncompensated AFM spin configuration of
La2CuIrO6.
NMR Measurements
The examinations of the complex magnetic behavior in
La2CuIrO6 by means of ESR and neutron scattering have
been complemented by 139La–NMR studies to further eluci-
date the static and low frequency dynamic magnetic prop-
erties of the system. 139La is an NMR-active nucleus that
has a natural abundance ∼ 100% with the gyromagnetic
ratio γ= 6.014 MHz/T, a nuclear spin I = 7/2 and an elec-
tric quadrupole moment (Q = 20 fm2). The Hamiltonian
determining the NMR spectra is represented as [55]:
H = HZ +Hn−e +HQ, (5)
where the HZ term represents the Zeeman interaction with
the external magnetic field, HQ is the quadrupolar coupling
and Hn−e is an anisotropic transferred hyperfine coupling
of the nuclear spin with the electron spin. The whole NMR
spectrum of La2CuIrO6 can be reasonably well modeled ac-
cording to equation 5 with powder averaging. A comparison
of the calculated and experimental spectra at T = 150 K
is shown in Fig. 13. Here the quadrupolar coupling con-
stant νQ= 1.9 MHz and the asymmetry parameter ηQ =
0.89 were estimated within the point charge model, and
hyperfine coupling tensor’s main components and linewidth
are the fitting parameters.
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Fig. 13 (color online). Experimental 139La NMR field sweep spec-
trum at T= 150 K. The red dashed line shows the result of model-
ing as detailed in the text.
Fig. 14 presents the field-swept 139La NMR spectra ob-
tained in the temperature range 10 K ≤ T ≤ 150 K. With
decreasing temperature, the spectrum changes significantly.
It starts to broaden above the magnetic phase transition,
which could be a signature of the development of quasi-
static electron spin correlations on the time-scale of NMR,
consistent with the collective resonance mode seen by the
ESR. The line continues to broaden below 75 K at least
down to 10 K.
Usually in the magnetically ordered state the positions of
the nuclei become magnetically non-equivalent and sense
different static local fields. This results in the shift and
splitting of the NMR spectrum. In the particular case of the
present NMR experiment the inhomogeneous broadening
Fig. 14 (color online). Temperature evolution of the 139La field-
swept NMR spectra.
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is very large even in the magnetically ordered state, and
the spectral structure is completely unresolved. Therefore,
as a characteristic of the magnetically ordered state we
have chosen the line width at the half-height of the NMR
spectrum bearing in mind that it reflects both the magnitude
of the local internal field on the 139La positions and their
spatial distribution. The temperature dependence of the
linewidth is presented in Fig. 15.
In the paramagnetic regime at 74K ¶ T ¶ 150 K, the
linewidth follows the bulk static magnetization, as expected.
However, at TN the width increases step-like and deviates
from the bulk magnetization. Such a dramatic broadening
can be ascribed to the development of a specific distribu-
tion of internal fields in the magnetically ordered phase.
Interestingly, the T-dependence of the linewidth (Fig. 15)
can be well fitted by the same phenomenological function
1− (T/TN)α′β ′ with α′ = 4, β ′ = 0.5, and TN = T1 = 74 K
as in the µSR-experiment (see below) [Fig. 18(a)] [56].
Moreover, below TN the NMR line broadening coincides
with the temperature dependence of the intensity of the
collective resonance mode observed in the ESR experiment
(Fig. 9). The latter is determined by the magnitude of the
precessing magnetization that can be considered as the mag-
netic order parameter. Therefore the local static magnetic
fields probed by the NMR linewidth below 74 K are deter-
mined by the ordered part of the magnetic system.
NMR relaxation. Dynamic properties of the electron spin
system were studied by measurements of the longitudinal
T−1l and transversal relaxation T−1t rates at the maximum
of the spectra in a temperature range from 150 K down
to 40 K. Note that in magnetic substances both T−1l and
T−1t are dominated by interactions with magnetic ions and
probe fluctuating local magnetic fields perpendicular and
parallel to the external magnetic field direction, respectively.
The spectra rapidly broaden with lowering the temperature,
yielding an overlap of the central line and the satellites of
the spectrum. To determine the relaxation rates we have
used a simple phenomenological description of the nuclear
Fig. 15 (color online). Temperature dependence of the linewidth
(symbols). The red solid line is the bulk static magnetization mea-
sured at the field 5 T; the blue line is a fit to the phenomenological
function

1− (T/TN)α′β ′ , as described in the text.
Fig. 16 (color online). Temperature dependence of the 139La longi-
tudinal T−1l (filled stars) and transversal T−1t (circles) relaxation
rates. Inset: stretching exponent p as a function of temperature.
Solid lines are guides for the eyes.
spin-echo intensity decay in the form [57]:
M(τ) = A1e
−(τ/Tl)p + n0 (6)
and
M(τ) = A2e
−(τ/Tt) + n0. (7)
Here Ai is the amplitude, p is a stretching parameter ac-
counting for a distribution of spin lattice relaxation times
and n0 accounts for the noise level. This reflects a distribu-
tion of fluctuation frequencies of the localized electron spins.
Another origin of the stretched behavior of M(τ) could be
due to an excitation of only a part of the broad quadrupole
split spectrum components in the NMR experiment. With
increasing the local field magnitude and its distribution, the
overlapping of the main component and of the quadrupole
satellites increases resulting in the change of the p value.
A very steep rise of T−1l by approaching TN from high
temperature (shown in Fig. 16) proves that the compound
undergoes a magnetic phase transition, and does not show a
smooth crossover to a static, ordered state. The peak of T−1l
occurs at ∼ TN. However, below the peak the behavior of
the relaxation rate is rather nontrivial. The T-dependence of
T−1l exhibits a shoulder in the temperature range between
TN and T2 = 54 K in the magnetization measurements. It is
reasonable to associate this feature with the slowing down
of the residual dynamics of small non-parallel components
of copper and iridium sublattice magnetizations seen by
ESR. The peculiarity at T2 = 54 K shows the freezing of such
kind of fluctuations.
This scenario is further supported by the temperature
dependence of the stretched exponent coefficient p (Fig. 16,
inset). By approaching T1 the coefficient p rapidly drops
signifying the occurrence of magnetic order in the Cu spin
system. By further decreasing the temperature, p slightly
decreases and drops again below T2 reflecting a change
of the local dynamic field distribution. The T-dependence
of T−1t is similar to that of T−1l (Fig. 16). In particular, it
also exhibits a shoulder at T2 < T < T1 evidencing the
occurrence of the fluctuating local fields parallel to the
direction of the external magnetic field. They are not seen
in the behavior of the linewidth and the lineshift due to a
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dominant contribution of the static internal fields from the
ordered spins.
Zero field µSR Measurements
We performed zero field µSR experiments to examine
the magnetic order parameter and the spin dynamics in
La2CuIrO6. The time evolution of the muon spin polariza-
tion is shown in Fig. 17. In the high-temperature paramag-
netic region, a weak Gaussian–Kubo–Toyabe relaxation of
the signal is observed due to the dipole–dipole interaction
of the muon magnetic moment with randomly oriented nu-
clear magnetic moments. With lowering the temperature
below T1 ∼ 74 K, a spontaneous oscillation of the muon spin
polarization is observed. This proves the development of
the static internal field associated with long-range magnetic
ordering. This is in agreement with the magnetic transition
observed in the macroscopic measurements such as dc as
well as ac magnetization and heat capacity. A well-defined
µSR frequency below ∼ 74 K indicates the development of
a distinct internal magnetic field at the muon site. We can,
therefore, rule out the possibilities of a spin-glass state or
an incommensurate state, confirming a commensurate mag-
netic order instead. The time dependence of the muon spin
polarization is described by the following two-component
functional form,
P(t) =
2
3
e−λT cos(2pi fµ t + θ) +
1
3
e−λL (8)
Fig. 17 (color online). Zero field µSR spectra (muon spin polar-
ization versus time) at representative temperatures. The lines
represent the theoretical description as detailed in the text.
Fig. 18 (color online). (a) Temperature dependence of the muon
spin precession frequency in La2CuIrO6 (main panel) and of the
magnetic volume fraction (inset). Lines indicate the fit with dif-
ferent phenomenological models. (b) Temperature dependence of
the muon spin lattice relaxation rate λL(main panel) and of the
normalized static line width λT/fµ (inset).
The 2/3 oscillating and 1/3 non-oscillating µSR signal frac-
tions originate from the spatial averaging in powder samples,
where 2/3 of the magnetic field components are perpen-
dicular to the muon spin and cause a precession, while the
1/3 longitudinal field components do not. The relaxation
of the oscillation, λT, is a measure of the width of the static
Gaussian field distribution ∆H = λT/γµ. Dynamical effects
are also present in λT while the relaxation of the second
term, λL, is due to dynamic magnetic fluctuations only.
The temperature dependence of the muon spin preces-
sion frequency (fµ) and the magnetic volume fraction as
obtained from the analysis are shown in Fig. 18(a) and its
inset, respectively. The sudden increase of fµ below ∼ 74 K
represents a magnetic transition at this temperature. The
magnetic volume fraction changes to ∼ 100% within a few
degrees K indicating that the sample is homogeneous. The
gradual increase of the µSR frequency, caused by the ap-
pearance of a static internal magnetic field at the muon
site, proves a second order phase transition. From the mea-
sured µSR frequency value fµ = 12.98 MHz at T = 4.3
K, a local internal field at the muon site of Hlocal = 957.9
Oe can be determined, using the relation Hlocal = 2pi fµ/γµ,
where γµ = 2pi× 13.55 kHz/Oe is the muon gyromagnetic
ratio. Since Hlocal is caused by superposition of contribu-
tions of dipole fields from nearby static Cu and Ir magnetic
moments, fµ(T) is proportional to the average magnetic or-
der parameter if no spin reorientations are present. The
functional form of the temperature dependence of fµ cannot
be described by a mean field behavior ∼ p1−  T/TN2,
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where TN = T1 is the Neel temperature of the AFM order-
ing. However, it can be described by the phenomenological
function f= f0

1− (T/TN)α′β ′ , where α′ and β ′ are 4 and
0.5, respectively. Here, β ′ is the critical exponent describing
the behavior close to TN, α
′ is used to adequately describe
the data at low temperatures T → 0. In mean field approxi-
mation α′ is 2; simple spin wave theory for a ferromagnet
gives α′ = 3/2 (Bloch law). The larger value here reveals
that low energy spin excitations are suppressed [58, 59].
The smooth increase of accurate data of fµ(T) below TN
without any kink or anomaly at 54 K proves that a spon-
taneous ordering of a magnetic sublattice, as indicated by
the peak in the ac susceptibility at this temperature, can
only be associated with a very small moment size of less
than 10−2µB. Therefore, it is consistent with the freezing
or long-range ordering of the weak spin canting induced by
SOC in this compound.
In Fig. 18(b) we plot the µSR spin lattice relaxation rate
λL as a function of temperature. A maximum of λL is found
at ∼ 60 K. Such a peak, in a magnetic system with a sim-
ple one-component order parameter associated with the
magnetic fluctuation rate being equal to the muon spin pre-
cession frequency, is expected to be located very close to
the magnetic ordering temperature TN = 74 K, at which
the spin correlation time diverges. However, in this sys-
tem, we observe the onset of the strong increase of λL at
TN. The reason for this observation is not clear yet. In
La2CuIrO6, two different spin-spin correlations are found:
strong longitudinal AFM correlations diverge at 75 K and
weak transverse FM-like correlations diverge at 54 K. Both
processes contribute to the spin lattice relaxation rate, how-
ever with different amplitudes (∆Bµ)2 (form factors) at the
site of the probe. The amplitude of the FM correlations,
even though caused by small transverse magnetic moments
of the order of 1/1000 µB can have a similar absolute value
as the amplitude of the strong AFM correlations. Therefore,
in this system the superposition of two broad peaks may
lead to the observed maximum in the muon spin lattice
relaxation at 60 K.
In the inset of Fig. 18(b) we plot the static line width λT
normalized by the muon spin precession frequency fµ. This
is a measure of the homogeneity of the magnetic ordering.
A constant value below 50 K proves a homogenous-system
state without changes of the magnetic sublattice below this
temperature. Above 50 K the ratio λT/fµ is increasing to-
wards TN. This is often found in magnetic systems close
to the magnetic transition temperature since the magnetic
coherence length is reduced close to TN which gives rise
to an increased static disorder. In La2CuIrO6 also a disor-
dered state of transverse canted moments above 54 K may
contribute to the increased static disorder.
DISCUSSION
The occurrence of a small spontaneous ferromagnetic
magnetization in antiferromagnets with the canted spin
structure has been first understood in the pioneering works
by Dzyaloshinsky and Moriya (DM) [60, 61]. Unlike in
ferromagnets, this small magnetization is not related to
the ferromagnetic exchange interaction between the spins.
It is caused by the special antisymmetric anisotropic DM
exchange interaction which arises due to the relativistic
spin–orbit coupling in the absence of the inversion symmetry
between the spins and adds to the usual antiferromagnetic
Heisenberg exchange Hamiltonian. The DM interaction
yields a small canting of the otherwise antiparallel spin
sublattices. The resulting net “FM–like” transversal moment
is usually just a fraction of the total spin moment.
The experimental results obtained in the present work
give strong arguments of a non-collinear antiferromag-
netism of La2CuIrO6 [one of the possible spin canting scenar-
ios is sketched in Fig. 1(c)]. Though this canting could not
be directly observed in the magnetic neutron diffraction, it is
obviously due to the smallness of the associated net moment
of the order of ∼ 10−3µB. However, these small moments
are responsible for rather peculiar magnetic properties of
La2CuIrO6. The weak ferromagnetism becomes visible al-
ready in the dynamic regime above T1 = 74 K giving rise to
the neutron spin depolarization and a collective ESR mode
of the oscillating net moments. Magnetic neutron diffraction
and µSR data evidence static AFM order of both Cu and Ir
sublattices at T1. However, it appears that the transverse net
moments still exhibit a certain dynamical behavior below
T1 visible in the NMR and µSR relaxation rates. It can be
understood as small incoherent fluctuations of the ordered
sublattices around their equilibrium (antiferromagnetic) po-
sitions. Finally at T2 = 54 K, the net moments get statically
locked giving rise to a weak anomaly in the magnetization
at small fields.
The multi-facet role of the spin–orbit coupling occurring
at the different energy scales in La2CuIrO6 should be pointed
out here: (i) the strong intra-ionic SOC of Ir4+ of the order
0.5 eV (∼6 000 K) couples the spin and orbital momentum
giving rise to an effective j =1/2 ground state of Ir4+ ions;
(ii) the SOC of both Ir4+ and Cu2+ eventually selects specific
spatial spin directions in the magnetically ordered state
at T1 = 74 K via symmetric corrections to the Heisenberg
superexchange (the pure Heisenberg-only isotropic spins
would be insensitive to the lattice directions); (iii) due to
the very low crystallographic symmetry of La2CuIrO6 that
allows the antisymmetric DM interaction SOC finally yields
weak transversal (weak FM) moments that get static at
T2 = 54 K due to a residual magnetic anisotropy.
Currently, it is not possible to further detail the spin struc-
ture of La2CuIrO6. In particular, it is not clear if both Cu and
Ir spin sublattices or only one of them are tilted and into
which direction. The sketch in Fig. 1(c) visualizes one of the
possible spin patterns compatible with our data. All spins
are lying in the ac-plane, within each layer the structure is
almost collinear, and the spins in two layers are orthogonal
to each other. The spin canting is strongly exaggerated in
the sketch. It is assumed that both Ir and Cu sublattices
are canted. This is likely to be the case since the DM in-
teraction should act both within and between the different
sublattices.
CONCLUSIONS
In this work, we presented the structural, magnetic
and thermodynamic properties of the double perovskite
La2CuIrO6 comprising interpenetrating and interacting sub-
lattices of the Cu2+ spins s = 1/2 and Ir4+ pseudospins
– 13 –
j = 1/2. The comprehensive analysis of XRD and neu-
tron diffraction patterns reveals that the crystal structure of
La2CuIrO6 is indeed triclinic P1 in contrast to the reported
monoclinic P21/n. The dc magnetization studies reveal an
antiferromagnetic transition at T1 = 74 K and the formation
of a small uncompensated moment at even lower tempera-
tures. The occurrence of the magnetic phase transition at
T1 is confirmed by the specific heat measurements. ac sus-
ceptibility measurements prove a weak dynamic anomaly at
T2 = 54 K which is suppressed in applied dc fields. A Curie–
Weiss fit of the inverse dc susceptibility yields θCW = +33.7 K
and the hysteresis loop opens up below T2. The tempera-
ture dependent neutron diffraction and µSR data analysis
assigns T1 as the onset of AFM ordering with a commensu-
rate magnetic structure. The spin configuration might be
of a non-collinear type with an orthogonal orientation of
magnetic moments in the neighboring AFM planes stacked
along the crystallographic b axis. A smooth development
of a static muon spin precession frequency proves a com-
mon magnetic ordering of strongly coupled Cu spins and Ir
pseudospins. The specific heat, ESR and neutron depolar-
ization studies reveal that short-range magnetic correlations
appear at much higher temperature than T1. In particular,
a crossover from a purely paramagnetic resonance regime
to the development of a collective resonance mode in the
short range ordered state of La2CuIrO6 is observed by ESR
for T1 ¶ T ¶ 113 K. Very interestingly, µSR and NMR re-
laxation measurements reveal a residual spin dynamics at
T2 < T < T1.
It follows from the analysis of our experimental data that
the peculiar magnetic properties of La2CuIrO6 are caused
by an intimate interplay of the two coupled sublattices of
Cu2+ spins s = 1/2 and Ir4+ pseudospins j = 1/2, respec-
tively. Here, a combined effect of the spin-orbit coupling
and of the low-symmetry crystallographic structure yields a
small canting of the ordered spins. Interestingly, the result-
ing transversal moments exhibit low-frequency dynamics
in a broad temperature range below T1 = 74 K suggesting
that the antiferromagnetic sublattices still slightly fluctu-
ate. Eventually the spin system gets fully statically ordered
below T2 due to the locking of the transverse moments.
Obviously, our results call for further work on the present
compound La2CuIrO6 and other 3d − 5d mixed double per-
ovskites to elucidate the impact of the interplay between the
strong spin-orbit coupling and the crystal structure on the
magnetism of this new class of complex transition oxides.
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